Recent work has shown that perovskite BaSnO 3 , when doped n-type by rare earth or Sb substitution, has potential as a transparent conducting oxide (TCO), replacement for In 2 O 3 :Sn (ITO). Here we discuss the properties of this material and the related SrSnO 3 , as well as strain dependence and epitaxy using first principles calculations. The compounds show remarkably strong strain tunability, but in a manner very different from well-studied perovskites such as SrTiO 3 . The differences are explained in terms of the s-electron nature of the conduction bands in these stannates.
INTRODUCTION
There is considerable current interest in the development of new transparent conducting materials (TCM). Materials that can serve as lower cost replacements for In 2 O 3 :Sn (ITO), higher performance materials, materials with new functionality such as p-type TCM to enable transparent electronics, and TCM that have different band off-sets and other properties are all desired 1, 2 . A driver for recent work on ITO replacement has been the recognition that In supply constraints could potentially impede large scale application of smart windows and photovoltaic electricity generation. For example, upper estimates of established In reserves amount to less than 0.5 m 2 of 75 nm thick ITO film per person, globally, and furthermore In production is tied to production of other metals, mainly Zn Recently, n-type BaSnO 3 (doped by La or Sb) has been proposed as a new transparent conductor, and promising results have been obtained. [4] [5] [6] [7] [8] [9] Interestingly, Liu and co-workers 9 have reported the growth of epitaxial films of the BaSnO 3 -SrSnO 3 alloy on MgO substrates and found an exceptionally large composition dependent band gap variation, attributed to the observed accompanying octahedral tilt distortions of the perovskite structure. Epitaxial strain coupling to octahedral tilts in perovskites is in fact a well-established mechanism for tuning the properties of perovskites, such as SrTiO 3 , although the band gap changes observed in the stannate films (3.50 eV -4.27 eV) are exceptional in magnitude. Here we discuss the electronic and optical properties of BaSnO 3 and SrSnO 3 in relation to strain and octahedral distortions based on first principles calculations. The main computational results underlying this discussion are found in Refs. 10 and 11. We note that the fact that BaSnO 3 in bulk is an n-type dopable material with good conductivity when doped and the basic features of the electronic structure as it relates to conductivity, including the s-electron nature of the conduction band, were established many years ago.
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METHODS
The main computational results underlying this discussion are found in Refs. 10 and 11. These were obtained using the modified Becke-Johnson potential of Tran and Blaha 12 (TB-mBJ), which enables quantitative calculations of band gaps and optical properties [14] [15] [16] [17] . We emphasize that these calculations do not involve adjustable parameters and therefore while approximate are predictive. Aside from the use of the TB-mBJ potential, the calculations were performed using standard methods and settings, specifically the linearized augmented planewave method, as implemented in the WIEN2k code, with well converged basis sets. Details are given in Refs. 10 and 11. The calculated band structure and optical , > \., The main work discussed here is based on calculated electronic structures and optical properties for BaSnO 3 and SrSnO 3 subjected to various strains. In particular, four formula unit Pnma cells were set up, subjected to strain and the internal atomic coordinates relaxed (using the PBE functional). This allows for octahedral tilt distortions, which were in fact found under strain. Calculations were done for uniaxial and biaxial compression and expansion of up to 5% for SrSnO 3 and 6% for BaSnO 3 both relative to the experimental equilibrium lattice parameters. In this way the relationship between band gap, cell volume, non-isotropic strain and octahedral tilt was explored.
RESULTS AND DISCUSSION
We begin by contrasting the behavior of these stannate perovskites with ITO and with titanates. The stanate perovskites, similar to ITO, have a valence bands composed of O 2p orbitals and a conduction band edge composed of a single metal (In or Sn) s-derived band 13 . The relatively light mass of this band yields good mobility and conduction provided that ntype doping is possible, as it is in ITO and BaSnO 3 . However, in contrast to the ITO bixbyite structure, the perovskite structure consists of corner sharing octahedra arranged with a topology that contains only even-numbered rings. As such, the perovskite structure is flexible in the sense of allowing for a large variety of octahedral rotation/tilt distortions as a function of strain, and thus perhaps sizable tunability of properties through epitaxy. Perovskite SrTiO 3 similar to ITO and BaSnO 3 has O 2p derived valence bands, but different from them has a conduction band edge coming from directionally bonded d-orbitals, specifically Ti t 2g orbitals. This difference from the stannates is important for transport. Although d-electron bonding is directional and s-electron bonding is not, in the perovskite structure the B-site cations (Ti or Sn) are separated by the lattice parameter a~4 Å, while the B-O distance is ~a/2~2 Å, and therefore the band formation strongly involves hopping through O implying that the O positions are important. We obtain calculated band gaps, with experimental lattice parameters, but relaxed internal coordinates for ZnSnO 3 (LiNbO 3 structure), CaSnO 3 (perovskite Pnma), SrSnO 3 (perovskite Pnma) and BaSnO 3 (cubic perovskite) of 3.1 eV, 4.2 eV, 3.7 eV and 2.8 eV, respectively, indeed showing wide variation with structure, consistent with the experimental result 9 . This contrasts with the fact that among titanates, CaTiO 3 , SrTiO 3 and BaTiO 3 for example, the band gap variation is only a few tenths of an eV at most. The alkaline earth states are far above the conduction band minima in these compounds. Therefore this result implies a very strong structural sensitivity of the electronic structure of the Sn s derived conduction band in the stannate perovskites. As mentioned, octahedral tilt plays a key role in the structural tunability of the properties of titanates and other transition element perovskites. Here we show a very different behavior of the properties of stannate perovskites. 2 shows results of our band gap calculations for strained SrSnO 3 and BaSnO 3 . As seen, the curves collapse very closely onto fit lines that depend only on volume. This is in contrast to what would be expected if octahedral rotation played an important role. Specifically, in that case the very different c/a ratios (the structures were constructed by separately straining c and a in the range -6% to +6% for BaSnO 3 , which means c/a in a large range ~0.89 --1.13) and different strain induced internal tilt distortions at a given volume would affect the gap and scatter the points away from a single volume dependent curve. The fit lines in Fig. 2 are to a free electron form with an excluded volume as shown in the figure and discussed in Ref.
10. We also did calculations for BaSnO 3 fixed to the cubic lattice parameters with R-point frozen in octahedral rotations. We find practically no change in the band gap with octahedral rotations, consistent with the above results, but different from the conjecture that had been made in Ref. 9 . On the other hand we do find strong volume dependence as shown and suggest therefore that the strong band gap changes observed in Ref. 9 are due to volume changes associated with alloying of the Ba and Sr compounds. We illustrate this in Fig. 3 , which shows the calculated band gap variation of BaSnO 3 with a constrained cubic structure as a function lattice parameter and BaSnO 3 with octahedral rotation but lattice parameter fixed at the experimental value. It is clearly seen that the band gap depends very weakly on the octahedral rotation. Figure 5 . Calculated optical absorption spectra as a function of volumetric strain, adapted from Ref. 10 . For BaSnO 3 the curves are for linear compression by 6% to expansion by 6% (2% increments, with offset from zero by 10's in y-axis units), while for SrSnO 3 the curves are for linear compression of 5% to expansion of 5% (1% increments, with offset from zero in 5's in y-axis units).
We now turn to the optical properties in more detail. Optical properties including the refractive index and absorption spectra depend strongly on the band gap, but also depend on other details of the band structure. As seen in Fig. 1 , the absorption spectrum of SrSnO 3 differs from that of BaSnO 3 not only in having a higher absorption onset connected with the higher band gap, but also in the shape of the above gap absorption, specifically a much stronger increase in absorption in the first 2 -3 eV above the onset.
We show the full set of calculated direction averaged refractive indices of the two compounds at three different energies in Fig. 4 . As seen this data also nearly collapses onto volume dependent curves, indicating again only weak dependence on structural distortions other than compressive strain. This is the case even for volumes where the photon energy is at or even slightly higher than the band gap. Fig. 4 shows the variation of the optical absorption spectra with isotropic volume strain for the two compounds.
The evolution of the absorption spectra with isotropic strain is shown in Fig. 5 . As seen, there is a smooth progression in the spectra without any dramatic changes or new major new peaks as a function of strain. The main dependence is simply that which may be anticipated from the band gap variation.
The above results show (1) that the optical and electronic properties of perovskite stannates are much more tunable by both alloying and strain than typical insulating d 0 transition element based materials, such as titanates, tantalates or niobates; and (2) that this exceptional strain dependence is almost entirely a volumetric effect with relatively little dependence on octahedral tilts. The implication is that an exceptionally large range of properties is accessible via epitaxy and alloying, and that the variation can be understood in a simple structural way.
The band gap data were fit using a simple form 10 ,
, with parameters E g ∞ = -9.0 eV, A=155 eV/Å 2 and V 0 = 22.89 Å 3 for BaSnO 3 and E g ∞ = -10.8 eV, A=217 eV/Å 2 and V 0 = 8.55 Å 3 for SrSnO 3 . These parameters are reasonably similar for the two compounds, with the exception that as may be expected on the basis of the ionic radii, the excluded volume parameter, V 0 is larger for the Ba compound. We emphasize that while for a given compound the band gap dependence is almost entirely from volume changes under strain, between different compounds there is a dependence on the identity of the A-site cation. This provides a different tuning parameter. Specifically, it can be seen that BaSnO 3 has a larger band gap than SrSnO 3 if constrained at the same volume. The origin of this simple dependence lies with the non-directional bonding of the Sn s state with the O atoms comprising the octahedral cage.
CONCLUSIONS
We report first principles calculations of the structure dependent electronic and optical properties of the stannate perovskites, BaSnO 3 and SrSnO 3 . The properties are strongly sensitive both to the volume strain and the identity of the A-site ion. However, these properties are remarkably insensitive to other internal distortions of the unit cell that have been exploited via epitaxy in other perovskites. This illustrates a key difference between the behavior of these stannate perovskites and that of transition metal perovskites, specifically the non-directional s-electron bonding. Besides providing mechanisms for strain tuning properties of the earth abundant, transparent conducting BaSnO 3 , the results suggest that a rich variety of behaviors are possible in stannate perovskite based heterostructures. Some of these were elucidated in Ref. 11 , where 2DEGs at interfaces between these systems and KNbO 3 and KTaO 3 were studied. It will be of considerable interest to determine to what extent the properties of n-type BaSnO 3 can be improved by the use of strain and alloying.
